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Quantum scale invariance in the UV has been recently advocated as an attractive way of solving
the gauge hierarchy problem arising in the Standard Model. We explore the cosmological signatures
at the electroweak scale when the breaking of scale invariance originates from a hidden sector and is
mediated to the Standard Model by gauge interactions (Gauge Mediation). These scenarios, while
being hard to distinguish from the Standard Model at LHC, can give rise to a strong electroweak
phase transition leading to the generation of a large stochastic gravitational wave background in
possible reach of future space-based detectors such as eLISA and BBO. This relic would be the
cosmological imprint of the breaking of scale invariance in Nature.
PACS numbers: 11.30.Fs, 47.35.Bb
In the Standard Model (SM), the fact that sponta-
neous breaking of electroweak (EW) symmetry is driven
by a fundamental scalar leads to a puzzle concerning
the naturalness of the theory. On the one hand, this
scalar should have a mass of the order of the EW scale
v = 246 GeV, recently confirmed by the LHC discovery of
a particle consistent with the SM Higgs boson and with
mass mh ∼ 125 GeV [1, 2]. On the other hand, no sym-
metry in the SM protects m2h from receiving quantum
corrections scaling as δm2h ∼ M2 for every energy scale
M to which the Higgs is sensitive, so one would expect
mh to be of the order of the largest energy scale at which
some new physics enters, e.g. MPl. This “gauge hierar-
chy problem” hints at the existence of some symmetry at
energies above the EW scale which forbids or suppresses
the large δm2h contributions altogether.
In that respect, the idea that Nature may be exactly
scale invariance at high energies (in the UV) [3] as an
explanation for the lightness of the Higgs [4] has recently
attracted renewed interest, see e.g. [5–8] (exact UV scale
invariance has also been widely discussed in the context
of Asymptotic Safety, see [9] for a recent review). Scale
invariance would have to be broken at some energy scale
fc, above which threshold all quantum corrections to mh
would be forbidden by the symmetry. The mass of the
Higgs being sensitive to fc [5], this new scale should be
of order of the TeV energy scale. However, it has been
recently shown [8] that when the breaking of scale invari-
ance originates in a hidden sector and is mediated to the
SM sector via gauge interactions (in analogy to Gauge
Mediation in the context of supersymmetry breaking the-
ories), fc could be significantly higher. Moreover, gauge
mediation of exact scale breaking (GMESB) allows to
compute the effect of breaking of scale invariance on the
SM, under general assumptions about the properties of
the hidden sector. The Higgs mass mh would then van-
ish at tree-level and emerge from the breaking of scale
invariance via loop-corrections involving the SM gauge
bosons, naturally explaining the hierarchy v ≪ fc [8].
Due to this hierarchy, GMESB scenarios may in princi-
ple be very hard to probe at LHC.
In this letter we show that there are very important
differences between the SM and these scenarios from the
point of view of electroweak cosmology. In the SM the
electroweak phase transition (EWPT) is known to be a
smooth cross-over [10–12], leaving no trace in the early
universe. In contrast, GMESB scenarios generically pre-
dict a strongly first order EWPT, due to the form of the
scalar potential arising from the breaking of scale invari-
ance. For a considerable fraction of the parameter space,
the EWPT gives rise to a large stochastic background
of gravitational waves, within reach of planned and fu-
ture space-based gravitational wave observatories such as
eLISA or BBO. Moreover, the requirement of a consistent
cosmological evolution allows us to obtain information on
fc and the breaking of scale invariance. Altogether, it is
likely that breaking of scale invariance would leave an
observable imprint in the Early Universe.
The letter is organized as follows: In section I we dis-
cuss the form of the radiatively generated Higgs potential
in GMESB scenarios, as described in [8]. In section II we
analyze the nature and dynamics of the EWPT, and in
section III we explore a potentially observable gravita-
tional wave background as a smoking-gun signature of
these models, together with the implications of a viable
cosmological evolution. In section IV we discuss the in-
terplay between cosmological and collider probes of these
scenarios. We conclude in section V.
I. Higgs Potential from Quantum Scale Invariance
We start with a scenario in which scale invariance is
broken in a “hidden sector”, interacting with the SM
only via SM gauge interactions. GMESB implies that
the only terms in the Lagrangian mixing the hidden and
visible sectors take the form
L ⊃ gAaµ (Jµavis + Jµahid) (1)
where a is a gauge group index and Jvis, Jhid are currents
in the visible and hidden sectors, respectively.
2The full Lagrangian obeys scale invariance only if the
tree-level Higgs mass vanishes, so the only free param-
eter in the Higgs potential is a quartic coupling λ. A
mass is however generated by loop corrections once scale
invariance is broken. The relevant contributions must
be at least of 2-loop order: one via which scale break-
ing is mediated to the SM (through corrections to the
gauge boson propagators), and another loop coupling
these gauge bosons to the Higgs scalar (additional loops
are of course possible, e.g. including the scalar itself, see
[8]). Due to this 2-loop suppression we have mh ≪ fc,
with fc ∼ O(1− 100) TeV. The resulting effective poten-
tial can be written as [8]
Veff =
3
2
Tr
∫
d4p
(2pi)4
log
(
p2 +m2V + g
2Cvis + g
2Chid
)
(2)
with the trace over the gauge group indices, mV the
gauge boson mass and Cvis, Chid parametrizing the cor-
rections to the two-point functions of Jvis and Jhid, re-
spectively. GMESB ensures that all contributions to the
Higgs potential involve fc, so we restrict ourselves to
δVeff ≡ Veff − Veff |fc=0 . (3)
Each term in the difference has divergences that do not
depend on fc, while δVeff is well-defined.
A major advantage of GMESB scenarios is that we
need not know the details of Chid to compute the Higgs
effective potential, whereas the Cvis take the same form
as in the SM. Following [8], one can expand δVeff in pow-
ers of the gauge couplings, keeping only the dominant,
large momentum (p2 ≫ v2) contributions of the inte-
gral in (2), for which case a simple representation of Cvis
exists. The coefficients of the resulting potential will de-
pend on the details of the hidden sector, but requiring
the electroweak minimum v and Higgs mass mh result-
ing from it to have the correct value, one finally arrives
at [8]
δVeff ≡ V0 = −m
2
h
4
h2
(
1 +X log
[
h2
v2
])
+
λ
4
h4 (4)
where X ≡ 2v2λ
m2
h
− 1. The details of the breaking of scale
invariance are thus encoded in the value of X (or, alter-
natively, of λ). The SM case is recovered for X = 0. In
general, however, the logarithmic term gives a positive
contribution to the potential (in the region h < v) for
X > 0, giving rise to a potential barrier between the EW
symmetric and EW broken minima even at zero temper-
ature, as shown in Fig. 1. As discussed in [8], weakly
coupled realizations of the hidden sector (with the as-
sumption that the SM gauge interactions do not unify
at higher energies) precisely yield X > 0. Note that for
X > 1 the symmetric phase is the global minimum of
the potential (see Fig. 1). As discussed in the next sec-
tion, this leads to an inconsistent thermal history of the
universe, since EW symmetry would never be broken.
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FIG. 1. The Higgs effective potential V0 for X = 0, 0.6, 1, 1.4.
II. The Electroweak Phase Transition
At finite temperature the Higgs field is surrounded by
a thermal plasma of particles. As a result, the free-energy
of the system is minimized not when the Higgs field is at
the minimum of V0, but of an effective thermal potential
V ≡ V0+VT . The general expression for VT at 1-loop [13]
(including resummed contributions from bosonic “ring”
diagrams [14]) is given by
VT =
T 4
2pi2
∑
a
Na
∫
∞
0
dxx2 log
[
1± e−
√
x2+
m2
a
(h)
T2
]
+
T
12pi
∑
b
N¯b
(
m3b(h)− [m2b(h) + Π2b(T )]3/2
)
(5)
where in the first term we sum over particles coupling
to the Higgs, with numbers of degrees of freedom Na
and a − (+) sign for bosons (fermions). The domi-
nant contributions are given by a = W,Z, t, for which
Na = (6, 3,−12). Contributions from the rest of quarks
and leptons are negligible, while those from the Higgs
and Goldstone bosons are subdominant and can be safely
ignored. The second term in (5) corresponds to the
bosonic ring contributions, to which the longitudinal
component of gauge bosons contribute (N¯b = (2, 1) for
b = W,Z). The field-dependent squared masses m2a(h)
and the thermal squared masses Π2b(T ) are given by
m2W (h) = g
2 h2/4, m2Z(h) = (g
2 + g′2)h2/4, m2t (h) =
y2t h
2/2 and Π2W = Π
2
Z = 11 g
2 T 2/6. The hidden sec-
tor particles do not contribute to VT , since their masses
are expected to be mhid ∼ fc ≫ v, so their presence in
the plasma during the EWPT (when T ∼ v) is strongly
Boltzmann suppressed (also, due to GMESB, their con-
tributions would only appear at 2-loop level).
We are now ready to analyze the dynamics of the
EWPT. For T ≫ v the only minimum of V is at
〈h〉(T ) = 0 and EW symmetry is restored. As the Uni-
verse expands, temperature decreases and a new local
minimum develops away from the origin. As discussed
above, if X ≥ 1 this second minimum will never be ener-
getically favoured over the symmetric one and EW sym-
metry breaking will never take place. For X < 1, a criti-
3cal temperature Tc exists at which V has two degenerate
minima, and for T < Tc it is possible for the Higgs field to
tunnel to the broken phase. The rate per unit time and
volume of this tunneling process at a given temperature
T is given by [15, 16]
Γ ∼ T 4 e−Fc/T . (6)
Here Fc is the free-energy of a critical bubble of true
vacuum, i.e. a bubble just large enough for its internal
pressure to overcome its surface tension and grow. At Tc,
a critical bubble has infinite size, so that Fc → ∞, and
the phase transition does not proceed. The nucleation
temperature Tn is defined as that for which the nucle-
ation probability of a critical bubble within a Hubble vol-
ume approaches unity. This happens when Fc/T ≈ 140,
which sets the temperature at which the EWPT effec-
tively starts (for large supercooling, a more accurate pro-
cedure is needed to determine Tn, see e.g. [20]). The
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FIG. 2. Phase transition strength computed at critical (red)
and nucleation (blue) temperatures. The dotted horizon-
tal line marks the limit above which the phase transition is
strongly first order.
EWPT strength R ≡ v(T )/T can be computed both for
Tc and Tn, as shown in Fig. 2. Since the EWPT effec-
tively starts at Tn, its strength is better estimated by Rn.
A strongly first order EWPT, avoiding baryon number
washout after electroweak baryogenesis, requires Rn & 1
(see e.g. [17, 18]), which for GMESB scenarios occurs
already for X & 0.08. The logarithmic term in (4) com-
ing from the breaking of scale invariance thus leads to a
strong EWPT even for small deviations of λ from its SM
value. As X grows, a large potential barrier between the
minima develops. The amount of supercooling required
to tunnel may then be large, and Tn will be substantially
lower than Tc, resulting in Rn being significantly larger
than Rc (as shown in Fig. 2). For X & 0.47 the symmet-
ric vacuum is actually metastable (with a lifetime longer
than the age of the Universe), leading to an inconsistent
cosmology.
Once the EWPT starts, bubbles of true vacuum nucle-
ate and expand, filling the entire Universe. The velocity
vw of the expanding bubbles can be computed by solv-
ing a set of hydrodynamic equations [19, 20], since the
plasma friction on the expanding bubble walls is known
for the SM [19]. Stationary state bubbles expand ei-
ther as subsonic deflagrations or as supersonic detona-
tions (see e.g. [21]), the sound speed of a relativistic
plasma being cs = 1/
√
3 ∼ 0.577. Subsonic bubbles
could potentially lead to baryogenesis for a strong enough
EWPT, Rn & 1. Supersonic bubbles do not allow in gen-
eral for baryogenesis (see however [22]), but collisions of
fast moving bubbles at the end of the EWPT can be a
powerful source of gravitational waves [23–25]. For very
strong phase transitions the bubbles become ultrarela-
tivistic and enter a “runaway” (continuously accelerat-
ing) regime [28], leading to very efficient gravitational
wave production [21]. For the GMESB scenarios dis-
cussed here, we show in Fig. 2 the ranges of X for which
deflagrations, detonations and runaway are realized. We
see that X & 0.3 leads to runaway bubbles, the best
possible scenario for gravitational wave production.
III. Gravitational Wave Production
As discussed in the previous section, a large stochas-
tic background of gravitational waves (GW) is expected
for GMESB scenarios in a sizable portion of the allowed
range of X , generated when bubbles collide at the end
of the EWPT [23–26, 29]. The peak amplitude h2Ωpeak
and peak frequency fpeak of such a GW background can
be estimated to be [25]
h
2Ωpeak ≃ 10
−6
(
H∗
β
)2 (
κα
1 + α
)2
1.84 v3w
0.42 + v2w
(7)
fpeak ≃ 10
−2mHz
(
T
100GeV
)2
β
H∗
1.02
1.8 + v2w
(8)
where α is the ratio of vacuum energy to the energy
stored in radiation, κ is the efficiency in converting this
vacuum energy into kinetic energy that can lead to GW
production [21, 23], andH∗/β roughly corresponds to the
mean bubble size (normalized to the Hubble radius) at
the time of collision. β−1 gives also an estimate of the
duration of the EWPT (taking the argument of the ex-
ponential in (6) as a function of time, expanding around
the time t∗ at which the EWPT is completed and keeping
only the leading order term [30] allows to write the nucle-
ation probability as P (t) ∼ eβ(t−t∗)). Note that all the
previous discussion applies only when the EWPT pro-
ceeds much faster than the rate of expansion of the Uni-
verse (β−1/H−1
∗
≪ 1). Close to metastability β can turn
negative, and we have to use the procedure described in
[25] to define the mean bubble size.
For frequencies smaller than fpeak the GW spectrum
grows as f3 [24], whereas it falls off as f−1 for large fre-
quencies [25]. In Fig. 3 we show the GW spectrum for
various values of X . For detonations (red spectra) the
4amplitude seems too small to be observable. For defla-
grations the results are even smaller. Note however that
recently plasma sound-waves formed upon bubble colli-
sions have been identified as a strong source of GW [27],
possibly leading to an H∗/β enhancement of the signal
for detonations and deflagrations. For values of X in the
region 0.29 . X . 0.47, correponding to runaway (blue
spectra), the GW background would be observable by
BBO, and could even be close to the sensitivity curve of
eLISA (sound waves can be neglected in in this case).
This could be a smoking-gun signature of GMESB sce-
narios in the absence of new physics at LHC.
0.01 0.1 1 10 100 1000
f (mHz)
10-20
10-19
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
h2
Ω
eLISA
BBO
0.1
50.2
00.2
5
0.3
00.
350
.40
0.4
50.4
6
0.4
7
FIG. 3. h2ΩGW(f) for various values of X, as indicated in
the red (detonations) and blue (runaway) curves. The black
dashed-lines are the sensitivity curves of eLISA and BBO.
IV. Constraints on fc and the Higgs self-coupling
GMESB scenarios lead to modifications of the Higgs
trilinear self-coupling λhhh. Expanding (4) around h = v
(with h¯ ≡ h− v), we find
V0 ⊃ m
2
h
2
h¯2 +
m2h
6v
(3 + 2X) h¯3 +
m2h
24v2
(3 + 4X) h¯4 (9)
so that (λhhh/λhhhSM ) − 1 = 2X/3. With an integrated
luminosity of 3 ab−1, the planned upgrade of LHC would
be able to measure deviations of λhhh from its SM value
with 30 % accuracy [31], being only sensitive toX > 0.45,
already on the edge of the allowed region of parameter
space. While the planned linear e+ e− collider ILC would
not improve this precision [32], the e+ e− collider CLIC
would be able to measure λhhh with about 15% accuracy
[33], probing the region in which runaway occurs.
It is also possible to obtain further information on
how X and the scale fc depend on the particle content
of the hidden sector, by considering a (weakly coupled)
GMESB scenario with the following generic assumptions:
(i) particles in the hidden sector do not couple simulta-
neously to SU(2) and SU(3), which results in two inde-
pendent hidden sectors, each with its own breaking scale
fc(n) (n = 2, 3); (ii) bosons (fermions) belonging to the
same hidden sector have a common anomalous dimension
γ
(n)
B (γ
(n)
F ), which must be negative for consistency [8].
As previously noted, the latter implies X > 0, so that
these GMESB scenarios naturally yield an EWPT sig-
nificantly stronger than that of the SM. Requiring the
1-loop β-functions to vanish in the UV allows to write
the scales fc(n) in terms of the number of bosons N
n
B
and fermions NnF in each hidden sector, their anoma-
lous dimensions, and X (see [8] for details). In order
to preserve perturbativity we require −1 . γ(n)B,F < 0,
resulting in lower and upper bounds on the combina-
tion NnB + 2N
n
F . This also results in an upper bound on
fc(n) (the bound is automatically saturated in the case of
purely fermionic hidden sectors) as a function ofX , which
decreases with increasing NnB + 2N
n
F , as shown in Fig. 4
for various allowed (NnF , N
n
B) combinations. The cosmo-
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FIG. 4. Upper bound on fc(2) (red) and fc(3) (blue) for various
combinations of (NnF , N
n
B).
logical bounds on X derived in previous sections then
impose upper bounds on the scale of breaking of scale
invariance in the hidden sectors, namely fc(2) . 25 TeV
and fc(3) . 7 TeV. In GMESB scenarios with a common
breaking scale fc(2) = fc(3) = fc, Fig. 4 implies X ≪ 1
and fc ∼ 1 TeV, within LHC reach. In contrast, for
scenarios with a significant hierarchy between fc(2) and
fc(3), large values of X are preferred, together with both
fc(2), fc(3) & 3 TeV, making the hidden sectors hard to
be probed directly at LHC. This highlights the fact that
a strong EWPT is anticorrelated with the LHC search
prospects for GMESB scenarios.
V. Conclusions
We have shown that models with gauge mediation of
breaking of scale invariance (GMESB scenarios) generi-
cally lead to a strong electroweak phase transition. Such
setups could easily escape direct detection at LHC, es-
pecially if GMESB is dominated by SU(2)L gauge inter-
actions, where the breaking scale fc & 5 TeV. The mea-
surement of a nonstandard cubic Higgs coupling by CLIC
5combined with the most interesting observation of a large
primordial gravitational wave background is a promising
route for testing these GMESB scenarios.
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